Abstract-Static measurement characteristics of the double rotor switched reluctance motor developed on the basis of double salient dual air-gap structure is put forward in this paper. The reduction of the air -gap length of the conventional machine is constrained by the mechanical intolerances that inherit the torque generating capability. Therefore there is always a limitation on the air-gap length. However, with reduced air-gap length the magnetic flux control is improved with the aid of dual air-gap structure inside the machine. Analytical and finite element analysis is carried out to investigate the magnetic field distribution at different rotor positions and with different currents. The static torque characteristics derived from the fabricated model is compared with that of the finite element methods and analytical methods. The measurement results are in closer agreement with the analytical and simulation. Motor constant square density is used for the performance evaluation of the proposed machine and the characteristics are evaluated and compared by all three methods presented.
INTRODUCTION
The reluctance machine works on the attraction-repulsion principle of stator and rotor and hence the air-gap length is the predominant factor in torque generating capability. The smaller the air-gap length between the stator and rotor teeth the bigger is the flux linkage and thereby the motoring torque. Based on the concept of air gap area reduction a double rotor structure is introduced in [1] . This feature distinguishes from the conventional reluctance machines. The double rotor structure exploits the fact that with the same excitation a dual magnetic path is established at the interface of the stator-rotor thereby maximizing the generated torque. Ref [2] introduces the double rotor for brushless machines with slot and slot-less configuration. Ref. [3] proposed two independent rotor structures. However the mechanical tolerance capability is not presented in this work. Ref. [4] presents the development of machine with higher number of rotor poles to stator poles. Ref. [5] presents the design using the segmental rotor concept and the use of steel structure for efficiency improvement is presented in [6] . With the pertaining design of structure by various researchers in reluctance machine design is highly influenced by the mechanical parameters rather magnetic design parameters like in permanent magnet design [7] . Our approach includes the detailed investigations on the optimisation of the mechanical parameters based on the considerations on the radial forces [8] [9] . The mechanical and magnetic comparative evaluations of the proposed DRSRM for the analytical , simulation and that of the experimental results.
II. MOTOR CONFIGURATION
Double Rotor SRM (DRSRM) as in Fig.1 is designed for improved torque performance compared to that of the conventional structure [1] . The machine comprises of a double rotor face with four poles each with the common axis and a double headed stator with six poles with dual air-gap structure. This is advantageous as it reduces the reluctance value and thereby increasing the torque value reasonably. The inner and outer rotor is located on the interior and exterior of the machine structure respectively with a common axis structure. Detailed analyses on the derivation of the optimal values of the mechanical design parameters based on various constraints are presented in [8] . A Fourier analytical representation to derive the mechanical and magnetic parameters is derived and is discussed in [9] . A comparative evaluation of the FEM analysis and the analytical computations is also presented in [8] [9] . The magnetic equivalent circuit model analysis for the optimal model is computed and is presented in [7] . Table 1 shows the structural dimension of the fabricated motor. The closer look at the interaction surface of the stator to inner rotor and outer rotor of the designed motor is as shown in Fig. 2 (only one interaction surface is shown). The optimization of the pole arc and other mechanical parameters of the designed machine is able to generate a sinusoidal characteristic in the air-gap. A detailed presentation on the optimization procedure of the pole arc dimensions is presented in [8] . The concepts in the torque generation of such double salient machine assuming the sinusoidal generation ߠ in the air-gap surface is represented in this section. D ir represent the diameter of the inner rotor, D or the diameter of the outer rotor and g is the air-gap length.If N is the number of turns and I is the current in the excited phase then the fixed magneto-motive force mmf is given as NI. The force exerted on the inner rotor is given by:
The force exerted on the outer rotor is given by:
where a θ is the rotational angle; ߙ outer rotor angle displacement. The corresponding magnetic flux density is given by
where g is the air-gap length and ߤ is the relative permeability
where D is the diameter of the machine ; B ag is the airgap flux density, ߠ being the rotor pole pitch. Therefore the inductance L is given as
where l is the length of the coil D ir and D or. The co-energy co W is given as 
where m is the number of phases, N r is the number of rotor poles. In this design the outer and inner rotor is of equal numbers. In this design the value of ߙ with respect to the centre axis is kept at zero during the design of the machine [2] . The scope of our research is to limited to the introduction to the concept of double rotor with reduced ripple. However, considerable increase in torque generating capability is expected of the angle ߙ is optimized with considerations on the radial forces. In the motor, the exciting field encompassed two serial magnetic circuits with four air-gap. For each of the positions the significant changes occur in the air-gap. However in this analysis the core reluctance is also considered to predict the values accurately. R g1 -R g4 represents the air gap reluctance values, R ir the inner rotor reluctance, R or the outer rotor reluctance, R s the stator core reluctance and F represents the mmf of the coil (=NI). In order to have an accurate prediction the algorithm used for the analysis is as shown in Fig. 3 . In this analysis small strip in each of the parts of the flux flow like iron, air gap and in each of the section a small strip is considered and the calculation of the permeance value is integrated in the longitudinal surface and then integrated over through the bore length. After calculation at each of the strip the net permeance is computed. The choice of consideration of B value is done by equating the net MMF equal to the drop by a iteration procedure, with consideration on the magnetic saturation. The equations pertaining the different rotor positions are given in this section. A detailed analysis of the procedure in the computation at different positions is presented in [4] .
III. STATIC MAGNETIC CHARACTERISTICS AND MATHEMATIC EQUATIONS
(i) at extreme position Consider the Fig. 4 (a) that is used for both the completely aligned and unaligned conditions. These are the extreme conditions or in other words ideal condition of the machine where no useful energy is converted. Aligned position is when the stator and both the rotor are on the same axis. And in the unaligned position the stator is completely away from the rotor pole face. Both in the aligned position and unaligned position the leakage flux is predominate than the useful flux and the assumption of the leakage flux depends on the mechanical structure of the machine.. As seen from the Fig. 4(a) only two flux tube is considered for analysis.
(ii) at intermediate position Consider the Fig.4(b) for any intermediate rotor position value over the rotor pole pitch. The reluctance in the air-gap is significant and the movement is effected by the useful production of torque. R fx, R fy , R fz represent the different reluctance assumed in the air-gap based on the shape reluctance as used [10] [11] [12] [13] [14] . The interpretation of the flux tube and the flux flow depends upon the classification of the area of the flux flow. The advantage on the interpretation in reluctance machine is the flow of flux is symmetric as it is a singly excited machine. The linking flux in the air gap is more significant than the leakage flux and hence the assumption of the permeance shape is highly significant. The flux Φ at any position is calculated using the equation below. The calculation procedure is documented in [7] [8] [9] 
(b) Finite Element Method ( FEM)
In order to derive the torque characteristics of the double rotor reluctance machine it is constructed using the FEA tool. Finite element analysis is a numerical method of solving linear and non-linear partial differential equations. FEA tool is used to obtain the magnetic vector potential values due to the presence of complex magnetic circuit geometry and non-linear properties of the magnetic materials. The force on the object in the magneto-static field is calculated from Maxwell's equation stress [7] [8] [9] [10] 
where H is the magnetic field intensity, J is the source current density, B is the magnetic flux density, and ν is the magnetic reluctivity. With the divergence-free field B develops a magnetic vector potential A .
In two dimensional analysis, the current density J is assumed to have a z-direction component. Similarly the magnetic vector potential A have z-direction component. The following Poisson equation is derived in three dimensional as below
Eq. (19) is solved using the finite element method approach. This yield the path of flux flow, magnetic flux density from which the static torque characteristics is derived. The best pole arc value combinations are determined using this approach [7] . 
(c) Incremental Loading Test (ILT)
The block diagram and the experimental setup for incremental loading test for the measurement of static characteristics is as shown in Fig. 6 and Fig. 7 . For fixing rotor in one position a mechanical brake with an incremental encoder is attached to the motor unit. A torque sensor module to capture the instantaneous torque is also attached to the common shaft with machine coupler. The mechanical loading test is incrementally moved using a gear arrangement and the rotor position with that of the torque measurements are recorded for both clockwise and anti-clockwise. Measurements are received from DAQ system and a program in LabVIEW software. A constant DC source is used and the above procedure repeated to capture the data in real time. The experiment is performed for different current values. All the measurement data are saved in the computer through the Tektronix toolbox interface. The actual values are then derived from the captured value by mathematical analysis. From the mechanical characteristics the magnetic characteristics are derived by mathematical formulations using industry standard software. The static characteristics from all the three methods are compared using the performance evaluation factor that defines the torque capability for the same volume. 
IV. RESULTS AND DISCUSSIONS
Magnetic Circuit Analysis (MCA) uses an iterative method for the calculations of the accurate values [4] . The simulation using FEA is carried out using for all rotor positions from the aligned to the unaligned positions. Fig.  8 shows the motor inductance characteristics of the magnetic circuit analysis for different excitation values. The generation of quarter sinusoids of the motoring inductance demonstrates that the designed machine based on the optimization yield ripple reduced margin. However the dynamic characteristics are perturbed by the load effect and this can be addressed with the design of controller [1, 7] . Fig. 9 shows the magnetic characteristics from the analytical, simulation and the measurement results with the excited current of 6.12A. The analytical results are derived based on the equations as in [8] and the simulation and measurement results are interpreted from the torque value. The comparative evaluation of the analysis, simulation and the measurement is as shown in Table II  shows the evaluation on the DRSRM torque characteristics and the motor constant square density at each of the method is compared From the table it can be inferred the static characteristics value derived from the incremental loading testing coinciding with the value of the analytical and simulation results by using the evaluating parameter, the motor constant square density. 
